Three novel families of transposable elements, Wukong, Wujin, and Wuneng, are described in the yellow fever mosquito, Aedes aegypti. Their copy numbers range from 2,100 to 3,000 per haploid genome. There are high degrees of sequence similarity within each family, and many structural but not sequence similarities between families. The common structural characteristics include small size, no coding potential, terminal inverted repeats, potential to form a stable secondary structure, A؉T richness, and putative 2-to 4-bp A؉T-biased specific target sites. Evidence of previous mobility is presented for the Wukong elements. Elements of these three families are associated with 7 of 16 fully or partially sequenced Ae. aegypti genes. Characteristics of these mosquito elements indicate strong similarities to the miniature inverted-repeat transposable elements (MITEs) recently found to be associated with plant genes. MITE-like elements have also been reported in two species of Xenopus and in Homo sapiens. This characterization of multiple families of highly repetitive MITE-like elements in an invertebrate extends the range of these elements in eukaryotic genomes. A hypothesis is presented relating genome size and organization to the presence of highly reiterated MITE families. The association of MITElike elements with Ae. aegypti genes shows the same bias toward noncoding regions as in plants. This association has potentially important implications for the evolution of gene regulation.
Recently, several families of short interspersed elements with terminal inverted repeats have been found in maize and other plants (1) (2) (3) (4) (5) . These elements, named MITEs (miniature inverted-repeat transposable elements) by Wessler et al. (6) , are grouped into different families which share many structural, but not sequence, similarities. Common features include small size, no coding potential, conserved terminal inverted repeats, AϩT richness, AϩT-biased specific target sites, and in many cases the potential to form stable secondary structures. These families, such as Tourist and Stowaway, are highly reiterated in the genome; all have thousands or more copies. Multiple families of highly repetitive elements similar to the plant MITEs have also been found in two species of Xenopus (7, 8) and in Homo sapiens (9) (10) (11) . The mechanism of transposition of MITE-like elements has not yet been clearly elucidated (6, 12) . However, a DNA-mediated mechanism seems likely because a few MITE-like elements have been found to have terminal sequences almost identical to those of some DNAmediated elements that have coding potentials (9, 10, 13) . On the other hand, MITE-like elements seem to differ from other nonautonomous deletion derivatives of DNA-mediated elements in being present in high copy numbers and in being relatively homogeneous in size within each family or subfamily (8, 12) , indicating that they are units of highly successful transposition.
Recent evidence suggests that some transposable elements may have contributed to the evolution of gene regulation (reviewed in refs. 6 and 14-17), as previously proposed by Britten and Davidson (18, 19) . Many plant MITEs are associated with genes, where more than 90% are found in the noncoding regions, mostly in the 5Ј and 3Ј flanking regions (1) (2) (3) 5) . There are several cases where Tourist, Stowaway, and other MITEs overlap previously identified cis-acting regulatory sequences and poly(A)-addition sites of wild-type plant genes, indicating a potential involvement in gene-regulatory evolution (3, 5, 6) .
Here I report the discovery and analysis of three novel families of MITE-like elements in the yellow fever mosquito, Aedes aegypti. The presence of these elements in the noncoding regions of a large fraction of characterized mosquito genes is described. The possible evolutionary implications of this association are explored.
Phage DNA Purification and Southern Blotting. Phage DNAs were purified according to Sambrook et al. (21) . The restriction digestion and DNA separation conditions were as described by Lin et al. (22) . DNA blotting was carried out using a VacuGene XL vacuum blotting system (Pharmacia). Preparation of the probe and hybridization conditions were the same as described above for the screening.
DNA Sequencing. Positive fragments from the phage DNA Southern blot were subcloned into pBluescript SK (Ϫ) plasmid from Stratagene Cloning Systems. Sequencing was done by the Sequencing Facility of the University of Arizona with synthetic primers, using an automatic sequencer (model 373) from Applied Biosystems. Sequences were determined from both strands.
Sequence Analysis. Searches for matches of either nucleotide or amino acid sequences in the current database (Nonredundant GenBank ϩEMBL ϩDDBJ ϩPDB) were done using BLAST (23) . Pairwise comparisons were done using COMPARE, DOTPLOT, GAP, and BESTFIT from GCG (Genetics Computer Group, Madison, WI, version 8.1, 1995) . Multiple sequences were aligned by PILEUP, a progressive, pairwise method from GCG. The parameters for PILEUP were 3.0 for gap creation weight and 0.1 for gap length weight. The potential of sequences to form stable secondary structure was analyzed by using FoldRNA (24) of the GCG package, where the base pairing and stacking energies and the loop destabilizing energies were from Freier et al. (25) . Table 2 . The rest of Wukong elements were isolated by screening a genomic library.
RESULTS

Discovery and Analysis of
A multiple sequence alignment of the Wukong-Aa1 in the AaHR3-1 gene, Wukong-Aa2 in the late trypsin gene, and the seven additional Wukong elements is shown in Fig. 1 . The positions of the 5Ј and 3Ј ends of these elements were deduced from the alignment and subsequently confirmed by locating the target duplications flanking Wukong-Aa5 as described below. The length of the seven complete elements is conserved, ranging from 420 to 440 bp. The 5Ј half of Wukong-Aa1 was not determined because it is beyond the end of the genomic clone. Wukong-Aa2 is a truncated element containing only a 167-bp sequence at the 3Ј end. There is a 300-bp incomplete Wukong sequence immediately upstream of Wukong-Aa8. This 300-bp sequence is 85% identical to the 5Ј region of Wukong-Aa8 (GenBank U87550). Five of the seven complete Wukong elements are flanked by perfect 4-bp putative target site duplications, with TAY(t͞c)A as the consensus sequence. A preference for AϩT-rich sequence as the site for insertion is apparent. The termini of the Wukong elements are defined by 17-bp conserved inverted repeats as shown in Fig.  1 . The sequence identity among the seven complete Wukong elements is quite high, ranging from 81% to 94%. No coding potential was found in the Wukong elements. As shown in Table 1 , they are highly AϩT rich (64-69%). All of the complete elements had the potential to form stable secondary structures as indicated by low ⌬G values ranging from Ϫ90.9 to Ϫ109.7 kcal͞mol. The above characteristics strongly suggest that Wukong is a novel family of MITEs.
Past mobility of the Wukong elements was indicated by the presence of putative target duplications. More direct evidence came from the analysis of Wukong-Aa5. As shown in Fig. 2 Table  2 . The rest of the Wujin elements were isolated by screening a genomic library. GenBank  L41391 ). Seven of these 16 genes were found to be associated with a MITE-like element from one of the above three families, during a comprehensive analysis using BLAST, COM-PARE, DOTPLOT, GAP, and BESTFIT. As shown in Table 2 , four of these elements are found in the 5Ј flanking regions (within 1,000 bp from the transcription start site), and two in an intron. Wuneng-Aa4 was found in the 3Ј flanking region of the AaE74-1 gene, which is an Ae. aegypti homolog (Z.T. and H. H. Hagedorn, unpublished data) of the Drosophila melanogaster E74 gene (37) . No elements from the three MITE families were found in the coding regions of these 16 gene sequences or any other sequences in the database.
DISCUSSION
Studies presented here represent the first (to my knowledge) published characterization of highly repetitive MITE-like elements in any invertebrate genome. These results, together with the analyses in plants and vertebrates (1-11), suggest that MITE-like elements may have a broad host range in eukaryotic genomes.
In addition to Wukong, Wujin, and Wuneng, a putative fourth MITE-like element has also been identified in Ae. aegypti in a preliminary analysis. This element (Ͼ500 bp) was found in the 5Ј flanking region of a vitelline envelope gene, 15-a2 (ref. 31 , GenBank U91681), on the basis of its structural characteristics. It showed 74% identity (P ϭ 1.8 e Ϫ7 ) to a 69-bp fragment in the 5Ј flanking region of a vitellogenic carboxypeptidase gene (ref. 33 , GenBank L46594). More elements of this family need to be analyzed to verify their structural characteristics and to determine whether they represent a fourth family of MITElike elements in Ae. aegypti. Furthermore, a 185-bp sequence, which is 66-67% identical to the three complete Wujin elements (P ϭ 4.7 e Ϫ22 in comparison to Wujin-Aa2), was found in Ae. aegypti in a preliminary study. This sequence had similar terminal-inverted repeats and was flanked by the same putative TA target duplications as the other Wujin elements. However, it did not give a positive signal in a dot blot under the stringency used in the genomic screening, which allows approximately 20% or less mismatch. Thus there could be many additional copies of more divergent elements within each of the MITE-like element families in Ae. aegypti. Therefore these highly reiterated MITE-like elements are likely to constitute a significant fraction of the Ae. aegypti genome.
Possible Mechanism of Transposition of MITE-Like Elements. The first 5 bp of the terminal inverted-repeat sequence in Wujin elements, CAGTG, is identical to that of the Tc-1 and Tc-3 elements in Caenorhabditis elegans (38, 39) . Wujin, Tc-1, and Tc-3 also seem to have the same TA target duplication sequence. It is therefore possible that Wujin may have borrowed an autonomous Tc-1 or Tc-3-like class II element from within the Ae. aegypti for its transposition, as indicated in the case of some human MITE-like elements (9-11). It will be interesting to see if, or how, MITE-like elements achieved high copy number via the cut and paste mechanism used by other DNA-mediated elements and what effects such massive cut and paste events may have had on chromosome structures (11, 12) .
MITE-Like Elements and the Size and Organization of Eukaryotic Genomes. Multiple families of highly reiterated
MITEs have been found in cereal grasses, which have large genomes and a high level of repetitive sequences (1-5). Table 2 . Wuneng-Aa3 was isolated by screening a genomic library. 
15a-2 5Ј (Ϫ740 to Ϫ682) However, an extensive database search failed to identify any MITE-Like element in Arabidopsis, which has the smallest genome known in higher plants (145 Mbp) and a very low level of interspersed repetitive elements (5) . Similarly, highly repetitive MITE families have been found in Ae. aegypti, which has a relatively large genome (800 Mbp) with a high level of repetitive sequences (27, 40) . In contrast, no MITEs have been reported in the most extensively studied insect, D. melanogaster, which has a small genome (130-140 Mbp) and a low level of repetitive sequences (41) (42) (43) . In addition, the genomes of Xenopus and H. sapiens, in which MITE-Like elements have been found in high copy numbers, are also large in size and rich in repetitive elements (8, 11, 43) . The distribution of MITElike elements in these various genomes suggests that proliferation of MITE-Like elements may be associated with large and more repetitive genomes in both plant and animal kingdoms. In this regard, it is interesting to note that Besansky et al. (44) have found a family of small transposable elements named Pegasus in Anopheles gambiae. This species has a small genome similar to that of D. melanogaster (45, 46) . The Pegasus elements have features like MITEs, such as size homogeneity, an 8-bp terminal inverted repeat, and no coding potential. However, they lack the potential to form stable secondary structures, and there is no consensus within their 8-bp target duplication sequences (44) . In contrast to the MITE-Like elements described in large genomes such as Ae. aegypti, there are only 30 copies of Pegasus in An. gambiae. In addition, a 354-bp insertion, flanked by TAA duplications, was identified in Pegasus-27 (44) . This insertion sequence has 77-bp terminal inverted repeats and the potential to form stable secondary structure, indicating a possible novel MITE-Like element in An. gambiae. It will be interesting to see if this insertion sequence has a copy number similar to that of the Pegasus family.
In addition to the differences in size and relative amount of repetitive elements, the genomes of Ae. aegypti and D. melanogaster also show distinctly different patterns of organization. Up to 80% of the Ae. aegypti genome is organized in a ''short period interspersion pattern'' in which the single-copy DNAs are partitioned into small blocks by repetitive elements (40, 47) . In contrast, the majority of the D. melanogaster genome is organized in a ''long period interspersion pattern'' (43, 48) in which single-copy DNAs are less interrupted by the interspersion of long repetitive elements. The presence of highly repetitive MITE-Like elements in Ae. aegypti and their locations in the noncoding regions of a large portion of analyzed genes indicate that they may have contributed to the pattern of short-period interspersion in this species.
Association of MITE-Like Elements with Genes. A total of 16 Ae. aegypti genes are available for analysis of their associations with repetitive elements. The expected number of the three families of MITE-Like elements to be found near or in the 16 genes is 1.5, assuming a random distribution and an average gene size of 10 kbp. This is calculated on the basis of the total copy number of these three elements in the genome. Not counting Wuneng-Aa5, which may be too short to be detected by the method used to determine copy numbers, there are six MITE-Like elements associated with six genes ( Table  2 ). The discrepancy between the observed number and the expected number of MITEs in the 16 genes indicates a possible nonrandom association. However, a larger set of randomly selected genes needs to be analyzed to test this hypothesis further.
There are several examples indicating preferential insertion of transposable elements in genic regions (49, 50) and other examples of transposable elements avoiding genes (51) . Phenomena such as preferential insertion of transposable elements into DNase I-hypersensitive sites (52) may provide a basis for nonrandom association of certain families of transposable elements with genes. Moreover, as in plants, the MITE-Like elements in Ae. aegypti also appear to show a bias against coding regions. The preference for AϩT-rich sequences as target sites may provide one explanation for frequent insertion into the noncoding regions that are AϩT-rich. It is possible there may be a higher order of insertion preference, such as chromatin accessibility as discussed above. There also could be selection pressure against insertions in coding regions because they may eliminate gene function. Regardless, the results presented here underline the similar associations of MITE-Like elements with the noncoding regions of genes in cereal grasses (5, 6) and Ae. aegypti.
Evolutionary Implications of the Association Between MITE-Like Elements and Genes. Transposable elements have generally been regarded as ''selfish'' DNA since the early 1980s (53-55) because of their ''parasitic'' nature. However, the question of whether transposable elements are just ''junk'' DNA to the host, or whether they can play important and even adaptive roles in organismal evolution, is currently actively debated (e.g., refs. 6, 12, 14-17, and [55] [56] [57] [58] .
It has been proposed that changes in the regulation of gene expression may be important for the evolution and variation of morphological and behavioral characters (e.g., refs. 15 and 19) . Increasing number of cases have been identified in which transcriptional control of genes has been modified by preserved insertions of transposable elements (e.g., refs. 14-17). As discussed above, MITE-like elements are frequently found in the flanking regions of genes in both cereal grasses and the mosquito. MITEs have been shown to overlap previously identified cis-acting regulatory domains and poly(A) addition sites of wild-type plant genes (3, 5, 6 ). It has not been determined if any of the MITE-like sequences in Ae. aegypti genes are involved in gene regulation because no cis-regulatory elements have been determined for the genes shown in Table  2 . However, based on the importance of chromatin structure in gene regulation (e.g., refs. [59] [60] [61] [62] , it is possible that the insertion and fixation of a short inverted-repeat element, adjacent to the transcription start site of a gene, could modify its transcription. It will be interesting to see whether or not, and to what extent, these MITE-like elements contribute to the evolution of gene regulation in plants and animals. The rapid ongoing progress in large-scale genomic studies of a few model organisms, as well as the molecular analysis of a diverse range of eukaryotic organisms (63) (64) (65) will undoubtedly facilitate our understanding of the potential importance of transposable elements in the regulatory evolution of host genes.
